A possibly causal relationship between multiple sclerosis and chronic cerebrospinal venous insufficiency has recently been hypothesized. Studies investigating chronic cerebrospinal venous insufficiency have reported conflicting results and few have employed multiple diagnostic imaging modalities across a large patient and control population. In this study, three complementary imaging modalities were used to investigate the chronic cerebrospinal venous insufficiency hypothesis in patients with multiple sclerosis and two age-and sex-matched control groups: healthy volunteers and patients with other neurological diseases. Strictly blinded Doppler ultrasound according to the original chronic cerebrospinal venous insufficiency hypothesis; four-dimensional flow magnetic resonance imaging of venous flow in the head, neck, and chest; and contrast-enhanced magnetic resonance venography for neck and chest venous luminography were acquired. An internal jugular vein stenosis evaluation was also performed across modalities. Percentage of subjects meeting ultrasound-based chronic cerebrospinal venous insufficiency criteria was small and similar between groups. In group-wise and pairwise testing, no four-dimensional flow magnetic resonance imaging variables were statistically significantly different, for any measurement location. In contrast-enhanced magnetic resonance venography of the internal jugular and azygos veins, no statistically significant differences were observed in stenosis scores between groups. These results represent compelling evidence against the chronic cerebrospinal venous insufficiency hypothesis in multiple sclerosis.
Introduction
Multiple sclerosis (MS) is a disease of the central nervous system characterized by immune-mediated demyelination and neurodegeneration, causing neurocognitive dysfunction with highly variable severity and time course. The underlying etiology of MS has remained unknown since its first clinical description 1 despite exhaustive study of many potential genetic, metabolic, and environmental risk factors. A vascular mechanism underlying MS was considered and studied several decades ago 2 but fell out of favor as mounting evidence pointed to neuroimmunological mechanisms.
Recently, there has been renewed interest in a possible vascular component to MS since studies by Zamboni et al. suggested the presence of abnormal venous drainage of the brain and spinal cord (dubbed ''chronic cerebrospinal venous insufficiency'' or CCSVI) in a cohort of MS patients. [3] [4] [5] The CCSVI hypothesis suggests that impaired venous drainage promotes tissue iron deposition which either triggers or potentiates a neuroinflammatory cascade of events that manifest as MS. Zamboni et al. reported 100% sensitivity and specificity in distinguishing MS from non-MS subjects with flow-specific B-mode and Doppler ultrasound (US) criteria for CCSVI. 5 Additionally, they proposed a treatment for MS patients with CCSVI using angioplasty with or without stenting (so-called liberation procedure) of internal jugular veins (IJV) to open a presumably chronic stenosis.
Subsequent studies have produced mixed results: most other investigators could not replicate the early promise of Zamboni's results, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] though a few followup studies seemed confirmatory [23] [24] [25] [26] (Table 1) . Of two recent meta-analyses that were conducted, one found correlation between CCSVI and MS, 27 while the other pointed to considerable heterogeneity across case-control studies. 28 Notably, both of these metaanalyses concluded that there was no causative role of CCSVI in MS. Recent studies have been limited by small sample sizes [6] [7] [8] [9] [10] [11] [13] [14] [15] [16] 18, [22] [23] [24] or by the absence of a confirmatory comparative imaging modality. 12, 17, 19, 21, 23, 25, 26 The single exception is the study by Traboulsee et al. 20 The aim of this study was to test the CCSVI hypothesis using Doppler US flow assessment based on Zamboni's CCSVI criteria 5 and 4D flow MRI (Phase contrast vastly undersampled isotropic projection reconstruction (PC-VIPR) 29, 30 ), augmented by contrast-enhanced MR venography (CE-MRV). These techniques were used to compare venous flow dynamics in the head, neck, and chest between patients with MS [4] [5] [6] [7] 10, 11, 13, 15, 16, [19] [20] [21] [22] [24] [25] [26] and two control groups: patients with other neurological disorders (OND) and healthy controls (HC).
Materials and methods Demographics
This study was designed as a single-center, comparative, cross-sectional investigation in patients with MS, 31 ageand sex-matched HCs, and controls with ONDs. The study population consisted of a total of 172 subjects: 76 MS patients (age: 46.1 AE 11.1 yrs, 27M/49F), 53 HCs (age: 45.8 AE 11.2 yrs, 22M/31F), and 43 patients with other neurological disease (age: 49.0 AE 12.7 yrs, 14M/29F. Numbers of OND subjects by disease were as follows: Parkinson's disease-14; epilepsy-12; migraine headaches-8; essential tremor-2; oculopharyngeal muscular dystrophy-1; cervical trauma-1; vestibular hypersensitivity-1; myoclonus-1; cerebellar degeneration-1; cervical dystonia-1; and CharcotMarie-Tooth disease-1). See Table 2 .
Recruitment invitations were approved by the local IRB and included clinic posters, patient newsletters, and queries of a HC subject database. Medical records for prospective subjects were reviewed by the study neurologist, and in ambiguous cases the subjects were examined by the study neurologist. Virtually all MS and OND subjects were outpatients initially diagnosed by attending neurologists in neurology subspecialty clinics at the University of Wisconsin Hospital and Clinics. Recruitment was consecutive for MS subjects; for OND and HC subjects, an effort was made, insofar as was possible, to match demographic characteristics with the recruited MS group. The MS group consisted of subjects meeting the McDonald 2010 criteria 31 after assessment by the study neurologist and having no confounding neurological, psychiatric, vascular, immune, or systemic inflammatory conditions. All MS subtypes were included; for the relapsing-remitting MS subjects, disease was classified as early (clinically isolated syndrome or relapses 2 years from diagnosis), middle (duration 2-5 years from diagnosis), or late (duration > 5 years from diagnosis). HC individuals were age-and sex-matched to MS group with no history of neurological, psychiatric, vascular, immune, or systemic inflammatory conditions. , VENC ¼ 40 cm/s). Cardiac triggers were recorded for retrospective cardiac gating with an offline reconstruction. All 4D flow scans were reconstructed to 20 cardiac timeframes irrespective of subject heart rate and anatomical station.
The PC-VIPR technique was used to assess for venous stenosis, collaterals, and flow velocity data. However, because the expected range of flow velocities (the ''VENC'' setting) must be specified a priori, unexpectedly low velocities can then result in poor signal-tonoise ratio. Therefore, conventional CE-MRV sequences were added to ensure high-resolution visualization of the AV and IJVs, where virtually all venous stenoses reported by Zamboni et al. [3] [4] [5] were located. 
US acquisition
All US studies were conducted by a single board certified vascular sonographer. Before scanning any subjects, the study sonographer underwent two days of dedicated training in the evaluation of CCSVI ''Zamboni Criteria'' at University of British Columbia; this training was provided by a sonographer who in turn trained directly with Dr Zamboni at the University of Ferrara, Italy. State-of-the-art US imaging employed high-resolution B-mode imaging with color and spectral Doppler to investigate venous drainage (S2000, Siemens, Erlangen, Germany). The 9 MHz linear vascular probe was used to assess the IJV and vertebral veins, and the 4 MHz probe was used to assess the deep cerebral veins (DCVs) through the temporal window. The ultrasonographer was blinded to the subjects' group status (conversation forbidden during sonography; subject greeted and prepared for sonography by study coordinator uninvolved in data acquisition or analysis; any assistive devices such as canes, walkers, etc. hidden from view). The US study protocol replicated that of Zamboni et al. 5 All measurements were initially taken with the patient in the supine position and then repeated in the upright position on the bed. The jugular vein diameter was measured at the smallest location using both the machine's auto trace package as well as a manual tracing by the sonographer. Color Doppler and pulsed wave Doppler were utilized to verify IJV and vertebral vein patency, presence, and direction of blood flow. The valve between the IJV and subclavian vein was assessed for abnormalities using B-mode imaging. The DCVs were visualized through the temporal window, with the settings at 2 MHz to penetrate adequately. Blood flow was assessed for reversal with Color and pulsed wave Doppler.
MRI analysis
All MRI flow processing was completed by one examiner with five years flow processing experience. The examiner was uninvolved with image acquisition and blinded to group membership. Figure 1 displays anatomical locations of the analysis planes in a single subject in the head, neck, and chest, as well as corresponding CE-MRV limited MIPs in the neck and chest. In the head, attention was directed to the superior sagittal sinus, left/right transverse sinus, left/ right internal cerebral vein, and left/right basal vein. In the neck, measurements were made of the left/right IJV at three stations (Upper, Mid, Lower). And in the chest, measurements were made of the AV 2 cm from its junction with the superior vena cava. Measured flow parameters were as follows: total flow (ml/cardiac cycle), peak flow over the cardiac cycle (ml/s), and percent retrograde flow (%RF). These MRI measurements correspond to Zamboni's original criteria for detection of CCSVI using Doppler US 5 : our analysis allows for assessment of directional flow in the cervical and intracranial veins (criteria 1 and 2), anomalies/stenoses of IJVs (criteria 3), and blocked outflow in cervical veins (criteria 4).
For semiquantitative assessment of venous caliber, CE-MRVs were scored by two radiologists blinded to subject identity, date/sequence of scan, and each other's scores. The scoring followed the scale introduced by Zivadinov et al. 15 : ability to assess the IJV and AV (1, poor; 2, acceptable; 3, good; 4, excellent), IJV morphology at its narrowest point (1, absent; 2, pinpoint; 3, flattened; 4, crescentic; 5, ellipsoidal/round), and AV morphology (1, diffusely irregular/narrowed; 2, focally narrowed at central aspect; 3, caliber increasing from peripheral to central).
Statistics
Group blood flow differences were assessed on a per vessel/location basis using two-sample unpaired Student's t-tests. Similarly, age-and sex-matched pairs were assessed on a per vessel/location basis using paired Student's t-tests. Group CE-MRV morphology scoring differences were assessed on a per-vessel basis using a Wilcoxon sum-rank test. False discovery rate control was used to correct for multiple comparisons. 32 Cohen's k with linear weights was used to assess inter-rater reliability for CE-MRV morphology measurements (all IJV and AV scores and dichotomized IJV scoring, see below). These results were compared with US, in which a subject having ! 2 of the five CCSVI criteria was considered positive for CCSVI. 4 
Trimodality narrowing assessment
One of the main criteria proposed for CCSVI lies in determining IJV stenosis using B-mode US. 4 A binary IJV narrowing evaluation was made for each method: CE-MRV (morphology vessel score < 3), PC-VIPR (any measurement plane with %RF > 5%), and B-mode US (''evidence of proximal IJV stenosis''). 5 The percentage of total subjects who exhibited narrowing was compared between readers, groups, and modalities. Table 3 provides an overview of data collection and analysis from MRI scans. PC-VIPR scans were successfully performed and analyzed for 163/172 (94.8%) of all subjects in the head, 155/172 (90.1%) in the neck, and 146/172 (88.9%) in the AV. The main reason for acquisition or analysis failure was due to data archiving problems (head-n ¼ 5; neck-n ¼ 7; AV-n ¼ 9). CE-MRV of the neck was successfully scanned and scored in 97.3% of cases, while that of the chest was slightly lower at 96.1%. CCSVI US scans were successfully performed in all subjects the same day the MRI exam was performed.
Results

Protocol
MRI flow analysis
Figure 2 displays group-wise bar plot results of total flow and %RF across all vessels measured using PC-VIPR. No major differences are observed for any flow parameter or in any vessel between groups. No statistically significant differences were observed for any flow parameter (total flow, peak flow, or %RF) across all vessels and between all combinations of groups. Likewise, no statistically significant differences were observed between age-and sex-matched pairs.
CE-MRV analysis
Good IJV image quality scores were observed (all subjects averaged: reader 1 ¼ 3.3 AE 0.7, reader 2 ¼ 2.8 AE 0.5), with moderate inter-rater reliability in morphology scores (k ¼ 0.56). For dichotomized IJV scoring, inter-rater reliability was greater (k ¼ 0.60). For the AV in the chest, image quality scores were good (all subjects averaged: reader 1 ¼ 3.2 AE 0.9, reader 2 ¼ 2.7 AE 0.5), yet inter-rater reliability in morphology scores was poor (k ¼ 0.16). Despite variable inter-rater reliability scores, no statistically significant differences between any group Figure 2 . Group-wise comparisons of average ( AE standard deviation) total flow (in ml/cycle, top) and percent retrograde flow (%RF) over the cardiac cycle (bottom) for all measured locations. No statistically significant differences were found at any location between any of the three groups. %RF: percent retrograde flow.
combinations were observed for CE-MRV morphology measurements, for either reader.
MRI flow and US assessment
Subjects with %RF > 5% in any part of the MRI regional flow assessment (head, IJVs, AV) were considered to exhibit ''CCVSI-like'' criteria. The percentage of total subjects showing this feature was compared to the percentage of subjects with ! 2 US CCSVI criteria and is shown in Table 4 . The number of subjects that exhibited %RF in one or more regions and tested positively for CCSVI criteria from the US exam was nine (14.1%) in MS patients, five (11.4%) in HC subjects, and one (3.2%) in subjects with other neurological disease.
Trimodality IJV narrowing assessment Figure 3 demonstrates percent of total subjects exhibiting IJV narrowing across groups and readers (as well as flow and US results). Higher occurrence of narrowing is evident in the left IJV, and greater variability is seen for both PC-VIPR and US compared with CE-MRV.
Discussion
This study tested the CCSVI hypothesis with three complementary imaging techniques (US, 4D flow MRI, and CE-MRV) in a large cohort of MS patients and age-and sex-matched controls, including HCs and subjects with other neurological disease. Our study was designed to address limitations of small sample sizes and single modality assessment found in other CCSVI investigations. To our knowledge, this is the only study that provides a comprehensive assessment of blood flow and luminography using 4D flow MRI in three cerebrospinal venous regions (totaling 14 measurement locations of blood flow), CE-MRV for semiquantitative assessment of vessels in both the IJV and AV, and strictly blinded US exams performed according to Zamboni's CCSVI criteria. 5 Without question, the CCSVI hypothesis has led to renewed interest in both intra-and extracranial venous flow measurements, namely in the DCVs, the IJVs, and the AV. From an imaging perspective, venous flow assessment for CCSVI is problematic. First, unlike rigid and muscular arteries, veins have thin, nonmuscular walls that make for an easily compressible and distensible lumen. Hence, veins are highly variable in appearance on cross-sectional imaging, which substantially compromises the test-retest and inter-rater reliability of venous caliber measurements on CE-MRV exams. 33 Such variability is especially evident in IJVs which can take a number of different cross-sectional configurations (pinpoint, crescentic, flattened, oblong, etc.). Additionally, unlike stenotic arterial flow jets, a collapsing vein may produce slow flow or even flow reversal. In B-mode US images of IJVs, which are inherently 2D projections, this may lead to over-or under-estimation of lumen size, depending on the vessel shape and transducer direction. Underestimation may also occur if the ultrasonographer uses too much transducer pressure, collapsing the vein. Second, venous flow velocity (within a volume) is sensitive to a number of variables including body position, 34 head position or rotation, 35 respiratory state, 36,37 hydration level, 38 diurnal changes, and caffeine intake. Finally, the DCVs of interest in CCSVI-which include the internal cerebral and basal veins-are small and located in areas that are often difficult to assess. In flow MRI, this translates to a need for higher resolution scans and careful correction of phase offsets and displacement artifacts that lead to flow measurement errors. The problem is even more vexing in transcranial Doppler US due to the small or nonexistent temporal acoustic window (roughly 10% of individuals have no acoustic window), 39 the variability of operator skill, and the inherent methodological problem adequately blinding technicians to subject status. Many of these criticisms relative to Zamboni's original diagnosis of CCSVI using US (and the subsequent endovascular treatment) have been examined in more detail previously. 40 In general, MRI has several benefits compared with US: MRI is the standard-of-care modality for diagnosis of MS, it is less operator dependent and is conducted according to prospective protocols that can be faithfully repeated by fully blinded operators, and it can be used to noninvasively assess vessels inaccessible to US. Drawbacks of MRI include image acquisition is not real time, ECG-gated acquisitions last several cardiac cycles, and measurements can only be made in the supine position, precluding the assessment of positional flow changes. 3 
PC-VIPR
29,30 is a particularly powerful technique for flow assessment that utilizes a 3D, time-resolved radial acquisition k-space trajectory. This technique provides several advantages for assessing CCSVI beyond other MRI methods that measure blood flow. First, PC-VIPR is a 3D technique that covers an extensive anatomical volume with high isotropic spatial resolution, allowing entire vascular territories to be rendered during a single scan. Second, compared to a standard 3D Cartesian sampling scheme, the radial acquisition, in which central k-space is oversampled and outer portions of k-space are undersampled, allows for faster acquisition and high temporal resolution. This in turn creates high image contrast and sparse signal representation with background suppression. Finally, the artifacts associated with PC-VIPR do not substantially compromise the images.
In summary, each imaging technique used in this study has its own strengths and weaknesses, and therefore provides complementary information on cerebrospinal venous vasculature. B-mode and Doppler US provides high temporal resolution and allows for strict adherence to Zamboni's CCSVI criteria. The inherent 2D nature of US, however, may cause over-or underestimation of cross-sectional area. Further, it is impossible to interrogate the entire cerebrospinal venous system. 3D MRI techniques are more easily blinded and do not have these limitations. CE-MRV provides excellent high-resolution visualization of venous structures. This method acquires results at a single time point and thus may fail to capture potential respiratory or cardiac-induced change. Further, there are currently no established standards for normal venous lumen caliber. 15, 24 Without such standards, inter-rater agreement measures are unlikely to be high. PC-VIPR provides dynamic measurement of 3D velocities in a large volume with high spatial resolution; however, unexpectedly low velocities may result in poor signal-to-noise ratio and potentially compromise flow measurements.
With 4D flow MRI (PC-VIPR), there were no statistically significant differences observed between groups (or age-and sex-matched pairs) for any flow measurement, at any anatomical location. Concordant with other IJV flow studies, 6, 25, 33 larger total flow values are seen for the right IJV compared with the left IJV across all groups. However, large standard deviations are also observed, which possibly stemmed from the grouping of varying age and gender for group comparisons. This grouping encompassed a wide range of participant ages (MS: 19-68 years, HCs: 23-74 years, other neurological disease: 22-68 years) and a higher number of women than men (MS: 49F/27M; HCs: 31F/22; other neurological disease: 29F/14M). At baseline, IJV flow measurements are extremely variable. Individual cerebrospinal venous flow measurements are known to be subject to several normal day-to-day variations, such as related to body position, 34 head position, 35 and hydration levels. 38 Previous work has shown these day-to-day flow changes to be as high as 20%, even while demonstrating good technical reproducibility in cerebrospinal venous vasculature measurements using PC-VIPR. 33 A previous study using US and CE-MRV in MS patients suggests CE-MRV provides a more robust assessment of IJV narrowing than B-mode US, which can be limited by operator skill and misleading 2D projections. 41 Scoring of the CE-MRV analysis indicated good image quality for both the IJV and AV, with particularly high values for the IJV. Although CE-MRV in the chest was performed during a single breath hold, the images are not cardiac resolved. This cardiac motion likely caused the lower image quality seen for the AVs compared with the IJV. Despite good image quality, CE-MRV results from this study differ from previous work concerning extracranial venous scoring 24 in which IJV caliber was assessed using a linearly increasing flattening scale. Our semiquantitative approach to venous lumen morphology has precedence 15 but may have made consistent scoring problematic, and resulted in moderate (IJV) and poor (AV) interobserver agreement. That said, no significant differences in scoring were observed between subject groups for either scorer. Our US studies found that 15.8% of MS patients met at least two CCSVI criteria, but so did a nearly equal percentage of HC subjects (17.0%). These findings are in concert with published CCSVI studies using Doppler and B-mode US which reported high heterogeneity in CCSVI diagnosis (!2 criteria met). Across the studies listed in Table 1 (excluding Zamboni et al. studies [3] [4] [5] ), the percentage of all patients with MS who met criteria range from 0 6,9,11,18 to 84% 23 (across all studies average AE stdev ¼ 20.9 AE 27.6%). The percentage of all HC subjects who met criteria range from 0 6, 9, 18, 19, 23, 26 to 45.0% 20 (average AE stdev ¼ 9.9 AE 16.0%). Our findings further highlight the high variability in venous anatomy and physiology across subject groups.
There were relatively equal percentages of subjects who met CCSVI criteria by US and MR. However, US seems to be a more conservative measure of IJV stenosis; lower percentages of subjects were found to have IJV stenosis by US than by either MRI measurement. Results across all subjects suggest that some small amount of reflux in the cerebrospinal venous system exists in both a normal population and MS patients, and that there is no significant difference in the percentage of these groups exhibiting reflux.
In conclusion, our study demonstrates no significant relationship between MS and IJV stenosis and abnormal flow. We found no difference between subjects with MS and those with other neurological disease, or HC subjects, with regard to venous anatomy and physiology, irrespective of imaging modality. Our results indicate that the CCSVI hypothesis is not strongly explanatory as a cause of MS.
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